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ABSTRACT

The current method used in Nebraska for connecting precast concrete deck ppredadtiprestressed
concrete girders toreate composite section is extending shear connectors (i.e., threaded rods) from the
concrete girder into HSfrmed shear pockets in the deck panels, and then filling the pockets and haunch
area using selfonsolidating concrete (SCC). This method respiinigh level of quality control/quality
assurance (QA/QC) in spacing the shear connectors during girder fabrication as well as shear pockets during
panel fabrication to avoid any conflict between them during ere®ecently, the implementation of ultra

high performance concrete (UHPC) in bridge connections is growing rapidly as an innovative method of
accelerated bridge constructidnnewprecast decko-concrete girder connection is developeéliminate

any changes to girder design/production andpossible conflict between deck and girder reinforcement

by utilizing UHPCand itsexceptional mechanical properties, flowability, and workabilliypical girder

shear reinforcemernis used and positioned belathie soffit of precast deck paneigich eliminate the
necessity of special shear connectors. The composite action between deck panels and girders is achieved
throw filling round shear pockets (8 in. in diameter) every 24 ft. along each girder linend haunch
areaswith UHPC. Loop basarethen embedded in the shear pocketde resting on the top flange of the

girder to enhance the composite action with adequate development length

The experimental investigation focused on the main two interface shear planes that control the structural
performance of the new connection. The first interface plane is loaatibe soffit ofdeck panel at the

shear pocketin monolithic UHPC and the second is at the top of concrete girder betvedessh UHPC
andhardened conventionabncrete (CA@JHPC). Direct shearL-shape pusiff, double shear pusbif
testtesswere conducted to evaluate the interface shear resistance of monolithic UHPC. The interface shear
resistance of CL/HPCwasevaluated through two different testing methods; slant shear-ahdpe push

off tess. Then, fultscale pustoff specimens were fabricated and testesimulatehe new connectioand
evaluateits structural performance and constructabilBased on the experimental investigation results,
empirical equations are preged topredictthe interface shear resistance of the two studied planes that are
used to provide a design procedure for the new conneflasign and construction recommendations are

concluded from the outcomes @fperimentatesing program

The outcane of this studyis an economicaprecastconcrete decko-concrete girder connection that
simplifies girder design and production as well as panel erection. The new connectionspiaVide

composite action while maintaining deck durability and speedmsdtouction



Table of Contents

AB ST RA C T ettt ettt et ettt et tteeaa e e e e e e e e oo e e e e e e e e e e e e e e eeaeheetbbetbbbb bbb bbb bbb ant b nnne e e e e e aaeeaend .
TaDIE OF CONLENES......eiiiiiiiee et ree e erea et e e e e e e e s senens e e et e e e e e e e e nnnnn e e e e enerne e s ii
(I A o) o 1N =T TP PP PP PSP PPPPPPPP iv
LIST OF TADIES ...t e et e e ame et e e ettt e s et e et e e s Vi
Chapter L. INTOAUCTION. .......coiiiiiiiie ittt eemr e e e e e e e e et e e e e smmme e e e e e e e r e e e e e e eeeaan 1
R R = = Tod (o [ {011 T PP 1
1.2. ProbIem STAtEMENL.........cooiiiiiiie e e e e e e e e e e e 2
1.3. RESEAICH ODJECHIVES.....coiiiiiiiiiiite ettt e e eemer e e e e e e e e ane 3
I o LT o o] @ U1 T TP 3.
Chapter 2. LILEratUIE REVIEW.........iiiiiiiiiiiiieeeeet ettt eemmt e e e e e s s e et e e e s emmme e e e e e e en s 6
P2 S [ 1 oo (VT 1o o FO PR P PP PO PP PP PPPP 6
2.2. DeckTo-Girder Bridge Connection Using UHPC.................ooiiineeci e 6
2.3. Interface Shear Resistance of UHRC ... 8
2.3.1.Interface Shear Resistance of Monolithic UHRC...............coooiiici e, 9
2.3.2.Interface Shear Resistance between Hardened Conventional Concrete and Fresh UHPC (CC
UHPC) oottt eeaee et ettt et e e et et reeee e s et et et et ettt e e e s s renns e st ee e e e ee et et en s eees 13
2.4. ExistingProvisions for Interface Shear ResiStance..............ccooo oo ieeeieeeveeeveeeeee e 25
Chapter 3. Proposed Dedlo-Girder CONNECHION...........c.uuriiiiiiiee et emme e 28
K I [ 1 o o (U1 1o o FOO TP P PPPPPPT PP 28
I | 011 F= L D= [0 o PO P PP PP PPPPPPN 28
3.3. Proposed Decko-Girder Connection Using UHPC.............oooviiiiiiiiiciieeeeee e 31
3.4. Construction Sequence of New Connection.................ooiiiieeeiiiiciicccce e 35
RTS8 10 V1Y, =1 1 aTo o [o] [ o 1Y/ PO PPPPPRN 39
Chapter 4. Experimental InVeStgation. ... rree s 41
ot | 1 o o 18 ox 1o o FOU PSP OP PP PPPRPP PP 41
4.2, Material PrOPEITIES ...ttt et e e e e e e s n e e e s 41
4.3. Evduate Interface Shear Resistance of Monolithic UHRC..............ccoooiimniciiiiieen 41
4.3.1.DIr€CE SNEAT TESL ...ttt et e e e e e e e s rmmne e e n e 42
4.3.2.L-Shape PUSHIT TeSL. ..o e ee e 44
4.3.3.Double Shear PUSDf TESE........cooiiiiiieiee e 47
4.4. Evaluate Interface Shear Resistance ofl@HPC...............coeviiiiiiiiiiccne e ees 52



4.4.1.Proposed Equations Based on Literatlre...........ccoooeiiiieccciiiiiimmme e 52

4.4.2.SIANT SNEATI TEST.....uiiiiiiiiiie i errr e ee e e e e e e e menn e e e e eeeeas 55
4.4.3.L-Shape PUShIf TeSL......oo o e e e 58

4.5. FUll-Scale PUSIDIf TESL.....cciiiiiiiiiiiiiiii e srerm et 64
Chapter 5. DeSIgN ProCEAUIE...........cccuiiiiiieit et eree e e e e e e s eeemre e e e e e e e d O
ST I 1 oo [0 T i o o FO PP TP PP PPPPPPP PP 73
5.2, DESION PrOCEAULE. ......oiiiiiiiiiiiiiitirees et e e e e e e s a bbb eeens e e e e e e e e e e s s bn e e s enemr e e e e e e eeeeeaanne 73
IR B B 1= o [ o VY o PP PP PPPPPPPPPPP 78
Chapter 6. Conclusions and RecommendatiOnS...........cooooii i iceeeieeeeeeeeeee e e 81
6.0, SUMMIAIY. ..o mmee e e e e e e e e e e e et e et e e et e et e emnna e s 81
6.2, CONCIUSIONS. ....eeiiiiiiii ettt et e et e e s m e e e e e e e e e e e s e eas 82
6.3. RECOMMENUALIONS. ...ttt e e iccee ettt e e e e e me e e e e e e e e e e m e e neeeeeeas 83



List of Figures

Figure 1.1: National Bridge Inventory yeck Structure Type in 2016................oooeiiirieccinviiininnn, 2
Figure 12: Precast Concrete Dedk-Girder Connection using threaded rods anfSformed shear
pockets in the deCK PANEIS. .........ooiiii e 3
Figure 2.1: Paneto-Panel Connection over Steel Girder (Graybeal 2014).............covvvvvvvieeeneeenennn. 7
Figure 2.2: Hidden UHPMeckto-Girder Connection in Steel Girder (a) and Concrete Girder (b)
(Graybeal 2014).........ooooiiieeeeeeeeeeeeee e ——————— e 7
Figure 2.3: New Haunclo-Deck Connection Ulsg UHPC through Shear Lug (a) and Rebar Dowels (b)
(HADEI €1 Al 2017)... . e ree et re e e e e e e e e s e rnnns s n e e e e e e e 8
Figure 2.4: Interface Shear Friction Theory (Brikelan éidkeland 1966).............ccccccvvciimmeeeeenn.. 9
Figure 2.5: Vertical Interface Shear Pusiff specimen of Monolithic UHPC (Crane 2010)............. 10
Figure 2.6: Average Interface Shear Strength of Monolithic UHPC with and without Interface
reinforcement (Cran@ 2010)......uuuuuuuuuuiiiiiimr e eeeee e e e e e e e e e eere e a e ann 10
Figure 2.7: Shear Testing on InverteeShape UHPC Specimen (Maroliya 2012)...........cccoeeviiiinnes 11
Figure 2.8: Effect of Fiber Content and Curing Methods on Direct Shear Strength of Monolithic UHPC
without Interface reinforcement (Maroliya 2012).............oueviiiiiiiiecceeeeiiiiieeeee e 11
Figure 2.9: Monolithic EShape UHPC Specimen Test Setup and Specimen Dimensions (Jang et al. 2017)
.................................................................................................................................. 12
Figure 2.10: Small and Large Scale Pusii Test of Monolithic UHPC without Interface reinforcement
(L= o= =Y A= T2 1 R 13
Figure 2.11: Small and Large Scale Pusti Test of Monolithic UHPC without Interface reinforcement
(HABEr €1 Al 2017).. .. eeeeeeeeeeee et ree et eea e e e e e e e e s s enness e e e eeas 13
Figure 2.12: PortlandCement Concrete Section DIMENSIONS..........uuiiiiiiiiiiiimre e e eeeeeeeeeeeeeeeeeeeeas 14
Figure 2.13: Slant Shear Test; (a) Mortar Different Roughened Surfaces and Trapezoidal Shear Key, (b)
Test Setup (Harris et al. 2011).......c.ooiiiiiiiiiiiiieeeee e 15
Figure 2.14: Failure Modes; (a) Failure along Interface Plane, (b) Normal Concrete Failure (Harris et
=112 0 1 ) PO PEEPRRN 16
Figure 2.15: Interface Shear Resistance of Cement Type Ill Mortar with Different Surface Textures
(HAITIS €T Al 2001)....ueeeeeeieieeeeee et eeei ettt e e mees e e e e e e e e e e senness e e e e e eas 16
Figure 2.16: (a) Mix Proportions of UHPFC and CC, (b) Surface Textures, and (c) Test Configuration
(Tayeh et al. 20L2)......ccoo i e e e e e e e e e e e are e s e e s e e e e e as 17
Figure2.17: Different Surface Texture Effect on Interface Shear ResistanceldHEC (Tayeh et al.
20 ) P EEPP PP 18
Figure 2.18: Slant Shear Comgite Specimen Dimensions (MUfinoz 2012).............cccccvveevieeeeeennn. 19
Figure 2.19: Different Surface Textures (MURNOZ 2012)..........cceeiieiiiiiicmneieiiiiiiieee e eeee e 19
Figure 2.20: Slant Shear Test Configuration (MURNOZ 2012)..........uuuiiiiiiicreee e 20
Figure 2.21: Effect of Interface Angle on Interface Shear Resistance at 8 Days of UHPC (Mufinoz 2012).
.................................................................................................................................. 20
Figure 2.22: Test Setup and Instrumentation of Large Prism Slant Shear Test (Aaleti and Sritharan 2017)
.................................................................................................................................. 22
Figure 2.23: Samples of COHPC Interfaces of Specimen with Different Failure Modes (Aaleti and
SHNAIAN 20L7) .o e e e s 23



Figure 2.24: Effect of Surface Texture Depth and CC Compressive Strength on Interface Shear

Resistance of COHPC (Aaleti and Sritharan 2017).........coovveiiiiiiiimmmiieeeeeeeee e 24
Figure 2.25: l-Shape Specimen Dimensions and Different Surface Treatment@HEC (Jang et al.
P20 PP RU PP 25
Figure 2.26: -Shape Test Results of @EHPC Specimens (Jang et al. 2017)........ccceeeeriiiiiiinennnnns 25
Figure 2.27: Fluted Construction Joint with Indented Fibers (RE8-710UHPC 2016)................... 26
Figure 31: Initial Design Connection (OPLION L).......ccuuviiiiiiiieee e rmmee e 29
Figure 32: Initial Design Connection (OPLION LL).........eeiiiiiiiiiiemme e e 29
Figure 33: Initial Design Proposed Panel Trough...............evvviiiiiiie e 29
Figure 3.4: Alternatives for Panel Reinforcement &16-TeNSIONING-............uvvveiieeeiiiiiieen e 30
Figure 3.5: Proposed Precast Concrete DdakConcrete Girder Connection................eevvvvvvvveenn.. 31
Figure 3.6: Proposed Precast Concrete DdakSteel Girder CoONNection.............eevvveeeeeriicceennnnens 32
Figure 3.7: Panel Reinforcement and Prensioning for Proposed Connection.................occvvvieen. 33
Figure 3.8: Interface Star Resisting Area; (a) at the Top of the Concrete Girder and @igaboffit of
thE DECK PANEIS...... ettt e e e e e e e e e e e e e e e e e e e e e enenseeenneennennnes 34
Figure 3.9.1: Constructio®equence of the Proposed Precast Concrete-leCloncrete Girder
Connection UsiNg UHPC ... e e e e e e e e e eneeaas 36
Figure 3.9.2: Construction Sequence of Breposed Precast Concrete DetkConcrete Girder
Connection UsiNg UHPC ... e e e e e e e e e e e e eneeaas 37
Figure 3.9.3: Construction Sequence of the ProposedaBt&toncrete Decto-Concrete Girder
Connection UsiNg UHPC ... e e e e e e e e e e e eneeaas 38
Figure 3.10: Study Methodology for Evaluating Proposed Connectian.............cccccccceeeeeeennnn...... 40
Figure 41: DireCt Shear TSt SETUP-........cuiiiiiiiiiiiiiieeeiiiiee e e e reeesree e e e e e snnnnneeeeeneeeee e A2
Figure 42: Double Shear Failure Mode of Direct Shear Test SPeCImeN........ccccoeeeeeiiiiiccreeeeeeeeeen 42
Figure 43: The Obtained Direct Shear Test Results and Their Comparison to the Literature......43
Figure 44: Effect of Flowability on Direct Shear Test RESUILS..............oooviiiiiieeeiiiiiieiccceccceee e 43
Figure 45: L-Shape Pusioff Specimen Preparation...........cccccuuiiiiiiieme e eeeeens 44
Figure 46: L-Shape Pusioff Specimen Details. ...t eesii e 45
Figure 47: L-Shape Pusioff Test; (a) Test Setuand (b) Failure Mode..................cciiiiieeeiiiiiinn, 45
Figure 48: Relative Displacement between MonolithiShape Pusloff Sections; (a) Slippage, and (b)
Relative Horizontal DiSplaCement.............uviiiiiiiiii i 46
Figure 49: L-Shape Pusioff Test Results of Monolithic UHPC and their Comparison to the ltiteza
.................................................................................................................................. 47
Figure 410: Double Shear Pushff Test Specimen Details; (a) Section Elevation, and (b) Side.\Vit&v.
Figure 411: Concrete Section of Double Shear PadhTest Specimen.............cccvvvvviiiiieeeeeeeee i 49
Figure 412: Concrete Section Preparation of Double Shear Raféfiest Specimen; (a) Removed Plastic
Pipe, and (b) Applying Wax on Concrete Surfaces............ccccvevvvveeeeeecciieceneeneeneeee . 49
Figure 413: Double Shear Pusbff Specimen FOrming............occuiiiiiiiieesieieeee et 50
Figure 414: Double Shear Pusbff Specimen Test Setup; (a) Front View, and (b) Side View.......50
Figure 415: Double Shear Pusbff Specimen Failure Mode; (a) Double Shear Failure, (b) No. 5 Bar
RUPTUTE. ... ettt e et semnn e e e e e e e e nn e e e e e e eeens 51
Figure 416: Double SheaPusSROff TeSt RESUILS...........uuuiuueiiiee e 51
Figure 417: Average Interface Shear Resistance of @dPC with Different Surface Textures.......55



Figure 418: Interface Textures of Hardened Concrete Section; (a) Smooth, (b) Shallow Grooved, and (c)

Deep Grooved (Lin. = 2.54 CML)...viiiiieiiiiiiiieie et e e ereee e e e e e e e 56
Figure 419: Slant Shear Test Specimen Dimensions and Test SetUP........ccccvvviviiccceeeeeeeeeeeeeeee, 56
Figure 420: Slant Shear Specimen Failure Modes; a) Bond Failure, b) Bond Failure and CC Fracture,

AN C) CC FAIIU.....cee ittt e e e e s e e e e 57
Figure 421: Interface Shear Resistance of -OEIPC at Different UHPC Compressive Strength for

Different SUMace TeXIUMES......cii i et e e rnne e e e e e e e e e e eaaaaeaaeaaaeeanans 57
Figure 422: Results of Slant Shear Test and their Comparison to the Literature......................... 58
Figure 423 L-Shape Pusloff Specimen Details and Test Setup.............cccoo oo 59

Figure 424: Interface Surface Roughening and Different Reinforcement across Interface; No
Reinforcement (Left), 2leg No. 3 Stirrup (Middle), and 2leg No. 4 Stirrup (Right).....59

Figure 425 L-Shape PUSIOff TEST SEUD.........uuiiiiiiiiee e ee e e 60
Figure 4.26:CC Failure Mode of tEShape Specimens with different interface reinforcement ratios; (a) No
Reinforcement, (b) 0.44%, and (C) 0.8%0..........uuurviiriiiiiiimemieeeeeeeeeeeeeeeeeee e e e e e eeeeeneennnes 61
Figure 427: Measured Slippage between the Tw8hape Sections with Different Interface
Reinforcement Ratios; (a) No Reinforcement, (b) 0.44%, and (c) 0.8%...................! 62
Figure 428: Effect of Different Interface Reinforcement on Relative Horizontal Displacement; (a) No
Reinforcement, (b) 0.44%, and (C) 0.8%0........ccuvieiiiiiiiiiireeiii e 63
Figure 429: Average Interface Resistance of-OBIPC Obtained from iShape Pustoff Test and Their
Comparison with Proposed EQUALIONS..............uuuiiiiiiiiieaeeee et e e e emme e 64
Figure 430: Full-Scale PustOff Specimen Detalils................oooiiiiiiiieeeii e 65
Figure 431 Shear Pockets Forming and Slab Reinforcement Details..........cccccoeeiiiiccceieeeniennnen, 66
Figure 432 CC Interface Shear Area Preparation..............oouiiimemniiiiieieieee e ssiseesnnnnneeeeee 67
Figure 433: No.5 Loop Bar Details and Installation..................cooooviieeeiiiiiiiiiiscccceee e 67
Figure 434: UHPC Casting for UHP@2 SPECIMEN.........cuiiiiiiiiiiiiiiieeeiiieiee e eeneseeee e 68
Figure 435: UHPC Filled Shear Pockets t0 TOP SUIA............cuvviiiuiiiiiiiineeeeeeeeeeeeeceeeeeee e ceeeaaand 68
Figure 436: CrossSection of UHPC Cylinders Obtained from Eeach f8dhle PustOff Specimen; (a)
UHPC#1, (b) UHPCH#2. ANCE) UHPCHS.........oooeveeeeeeeeeeeeeeeeeeeee e s vaenae e, 69
Figure 437: Full-Scale PustOff Specimen TeSt SEtUD.........uuuiiiiiiiiiire e eeees e 70
Figure 4.38: Relative Vertical Displacement of F8ale Pustoff Specimens............cccccvveveieiiiaeen. 71
Figure 439 The measured Slippage of Fdtale Pustoff Specimens..........ccccccoviiiiiiieeniiiiiieeenenn. 71
Figure 440: Full-Scale Specimen Failure Modes; (a)UHPIC(b)UHPG#2, and (C)UHP&S3. ............ 72
Figure 5.1: Flowchart of General Design Procedures for Proposed System.............cccccceeeeeeee 43
Figure 5.2: Design Procedure flowchart of new connectian.............ccc.oovvvieeeiiiiiieiiiiee e, 75
Figure 5.3: Design Chart for UHPC with Compressive Strength of 17.KSi.........ccccceviiiiecceennnnns 79
Figure 5.4: Design Chart for UHPC with Compressive Strength of 21.7.KSi.........cccccccevviecceeeen. 79
Figure 5.5: Demonstration of how to use the design aid Chart................oooiiieeeiiiiiiiiiii e 80

Vi



List of Tables

Table 2.1: Slant Shear Composite Specimen Dimensions in Different.Codes...............covcmeeeeee. 14
Table 22: the macrotexture depths of prepared surfaces ((Mufinoz 2012).............cceeeveeemeeeeennnnne 19
Table 2.3: Different Mix Proportions Used in Evaluating Local UHPC Properties, Ib/Yard3 (Rangaraju
Lo =TI 1 ) PP 21
Table 2.4: Slant Shear Test Results and Failure Modes (Rangaraju et al..2013)...............cceeenn. 21
Table 2.5 Summary of UHPEC Interface Test Matrix (Aaleti and SrithardQl1?) ...............cc..ce...... 22
Table 26 UHPC Cohesion and Friction Factors of UHPC for Different Surface Textures based-on NF
P-18T7L0UHPC 2016......ccciiiieeeeiiiiiiiiiiieeereeeeeeeeeeesasssseeseessnnnseeeeeeeesssssssssssseessnnnseeeaaeens 27
Table 4.1: UNL UHPC MiX ProportiOnS.........coooiiiiiiiiiiis et s e e e s emmmeee e eeeeeeeesseaasennsreees 41

Table 4.2:Interface Shear Resistance Analysis of Monolithic UHPC with Interface Reinforcemeb2
Table 43 Interface Surface Texture Categs Based on the Literature of @dHPC Interface

RESISTANCE ......eeiiieeeiiee et erer et e et e e e e e e e e e eee ettt ab e aa b mnneeaeeeaaeaaaaeaaaeaaaaeeean 54
Table 4.4: CEUHPC Cohesion and Friction Coefficients of Different Interface Surface Texturesb5
Table 45: L-Shape Pusioff Specimens Details and Labels............ooovvvviiiiieeeeiiiii e, 60
Table 46: L-Shape Pusiff Test Results and Compared to Proposed Equation.....................eeee. 61
Table 49: Full-Scale PUSIDff TESt RESUIS........uuiiiiiiiiiiimmme e eeeescee s L
Table 51: Shear Pocket Design Alternatives for PCI BDM &Xa..............cccceevvviviiivieemiiiiec e, 80

Vil



Chapter 1. Introduction

1.1. Background

In 2009, FHWA launcheé&very DayCounts (EDC) program to speed up highway construction.
Accelerated BridgeConstruction (ABC) isbridge construction that uses innovative planning, design,
materials, and construction methods in a safe andeffesttive manner to reduce the onsite construction
time that occurs when building new bridges or replacing and refasibilj existing bridges (FHWA, 2011).
FHWA works with states to identify and implement innovations for ABC, such as:

A Geosynthetic Reinforced Sdittegrated Bridge System (GRBS)

A Prefabricated Bridge Elements and Systems (PBES)

A Slidein Bridge Constructin (SIBC)

A Ultra-High Performance Concrete (UHPC) for Connections

FHWA published national bridge inventory for bridges across US in 2016. One of the

classifications is bridge deck structure type as shown Figur€astin-place (CIP)concrete deck is the
most common used bridge deck type which represents 59.3% of the total bridge deck systems. The CIP
deck system requires a long duration for forming deck, placing reinforcement, casting and curing concrete
which leads tdong traffic lane closures and deting. Also, the inconsistent quality is a major challenge
facing CIP concrete which caused by sevdaators such as environmental conditions and placing,
finishing, and curingf concrete. As a result, CIP concrete decks experience exceadivageshrinkage
crackingwhich decreases bridge durability and requires oveflagse disadvantages highly impact the

construction time and project budget.

One of ABC innovations is the implementation of prefabricate bridge elements in construction.
Recently precast concrete deck panels have been successfully uaB€iprojectsin various forms and
systemsCasting deck panels eaide the construction site in a highality controlled environment reduces
the deck cracking and provides more durable elemé&h&n, the precast deck panels are mobilized to the
construction site which reduce the construction time and traffic closure. These advantages make the precast
concrete deck panels system more durable aneeffestive compared to CIP concrete deck sysfEhe
precast deck panels are connected to the supporting girders through longitudinal and transverse connections

or/and shear pockets filled with flowable grouting material.
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Figure 1.1: National Bridge Inventory iyeck Structure Type in 2016.

Another ABC innovation is usingUltra-High Performance Concrete (UHPGh bridge
connections UHPC is a new generation of cementitious materials that has exceptional mechanical
properties, durability, and workability. The low waterbinder ratio, high binder coent, use of
supplemental cementitious material, high partjdeking density, and use of steel fibers significantly
enhance the fresh and hardened UHPC properties compared to conventional concrete (CC). According to
ASTM C185617, UHPC is characterizedylba minimum specified compressive strength of 1V ks
maximum aggregate size less than 1/4 in. and flow betwé@rir@ UHPC became commercially available
in the U.S. through several proprietary sources around the year 2000. Since its introduction to the
commercial market, the use of UHPC in various applications has been the focus of multiple research
endeavorsThe exceptional durability and mechanical properties make UHPC an ideal grouting material

for field casting connectiathat reduce crackand leakage in bridge connections.

1.2. Problem Statement

The methodused in Nebraska for connecting precast concrete deck panels to concrete girders to
create composite section is extending shear connecmrthreaded rods) from the concrete girder into
HSSformed shear pockets the deck panelsandthen filling the pocket@and haunch areasing self
consolidatingconcrete (SCC) as shown irFigure 12. This method requiresigh level of quality
control/quality assurance (QA/QC) in spacing the shearemars during girder fabrication as well as
shear pocketduring panelfabrication to avoid any conflict between them during erectiadso requires

shear connectors tachieveminimum embedment in the shear pockets to develop the design capacity,

whichnecessitates dj usti ng connector 6s hei.ghbreford, thbereisamgedke ns at e

2



for research ténvestigate alternativeconomical decko-girder connection that simplifiegirder design
and productionas well aspanel erectionThe new connection providefull composite action while

maintaining deck durability and speed of construction.

HSS Forrmed

Shear Packet . rifmetehrole
@ 4 ft spacing ’ ’
|

—
1
1

Bent plate
welded to metal tabs

Threaded Rod
Shear Connectors
@ 4 1 spacing

Figure 102: Precast Concrete Dedk-Girder Connection using threaded rods a@d8Sformed shear

pockets in the deck panels

1.3. Research Objectives

The general objective of this research is to promote the use of UHPC in the construction of precast
deckto-girder systenbridges. The specific objectives are to:

1. Develop a new UHPC connection between precast concrete deck panels and
precast/prestressed concrete girders that eliminates any changes to girder design/production
and any possible conflict between deck and girder reinforcement.

Investigate the interface shear resistance of monolithic UHPC.
Investigate the interface shear stance of fresh UHPC cast on hardened conventional
concrete.

4. Investigatehe constructability and structural performance of the new connebtimunghfull-
scale pustoff test

5. Provide design procedure and recommendation

1.4. Report Outline

Thisreportconsists of six chaptees follows.



Chapter 1 - Introduction

Chapter 2 - Literature Review: The literature reviewpresentsthe existing deckto-girder

connections using UHPC and the interface shear resistance of UHPC. Two different interfapkaisbgar
are controlling the design of detdgirder bridge connections; interface shear plane in monolithic UHPC
and between fresh UHPC and hardened conventional concretd {EC). This chapter summaries the

different test methods conducted to evaluateréisistance of these two planes

Chapter 3 7 _Proposed DeckTo-Girder Connection: This chapterintroducesa new UHPC

connection between precast concrete deck panels and precast/prestressed concrete girders that eliminates
any changes to girder design/protioic and any possible conflict between deck and girder reinforcement.

The new connection makes advantage of the excellent mechanical properties of UHPC as well as its
exceptional workability and durability. UHPC is used to fill the shear pockets and leauretiveen deck

panels and supporting girders to create composite systems. This connection does not require girder shear
connectors to be embedded inside deck panels, which eliminates any possible conflicts during panel
erection. Also, the construction seence of the new bridge connection and study methodology are

presented.

Chapter 41 _Experimental Investigation: This chapteillustrates the experimental investigation

procedure, smabcale and fulkcale testing, tevaluae theinterface shear resistance of monolithic UHPC
and of fresh UHPC cast on hardened conventional concretd&J{{RC). Direct sheal.-shape pusioff,

double shear pushif tesswere conducted to evaluate interface shear resistance of monolithic UHPC. The
literature review conducted on interface shear resistance -OfHRC was summarized and analyzed to
propose prediction equations. Then, slant shear test-ahdpe pusloff test were conducted to evaluate
and validate these equatio$he constructability amhstructural performance of the proposed connection
was investigated throughull-scale pustoff tess. The full-scalespecimens were designed to use 3 ft.

spacing betweeshear pockets

Chapter 51 DesignProcedure This chaptemprovides a design methodologfor the proposed

connection based on the prediction equations obtained from experimental investigatianeample
bridge from PCBridge Design Manual 2014 (PCI BDM Ex. 9.1a) is used to present the design procedure

of the proposed caorection Design aid charterere generatetb simplify theconnectiordesign

Chapter 6 i Conclusionsand Recommendations This chapter presents brief summaryand

conclusiongirawn fromthe experimental investigati@mdconstructiomecommendation®r usingUHPC

as a grouting materiath a new decko-concreteggirder concrete connectiomhese recommendations were



developed based on the test results and the experience gained fromgbaléytiustoff testing in Chapter
4.



Chapter 2. Literature Review

2.1. Introduction
The literature reviewpresentsthe existing decko-girder connections using UHPC and the
interface shear resistance of UHPC. Two different interface shear planes are controlling the design of deck
to-girder bridge connections; interlashear plane in monolithic UHPC and between fresh UHPC and
hardened conventional concrete (OEIPC). This chapter summaries the different test methods conducted

to evaluate the resistance of these two planes

2.2. Deck-To-Girder Bridge Connection Using UHPC
This section summarizes the literature review cotetloon UHPC used for ded&-girder
connections. Typically, this connection is made of shear connectors, such as bent rebars or threaded rods in
concrete girders, and shear studs in steel girders, trexn@erlded into discrete shear pockets or continuous
troughs in the precast concrete deck panels. Then, a flowable concrete or grout is used to fill these pockets
or troughs to establish the connection. One of the disadvantages of these systems is t@irgwtars
are required to have minimum embedment into the shear pockets/troughs to develop the design capacity,

which necessitates high level of QA/QC and complicates girder and panel production.

A new UHPC connection concept was developed to elimih&@toblem and simplify production
and erection procedure, which consequently improve construction speed and economy. A series of interstate
highway bridges near Syracuse, NY were constructed using this UHPGodgicter connections
developed by NYSDOTGraybeal 2014). The connection consists of pemehnel longitudinal shear key
with lap spliced transverse reinforcing rebars over the girder lines. Conventional shear connectors (% in. X
3 % in.) are welded to the top flange of the stagtder as sbwn in Figure 2.1. The haped shear keys
have roughened/exposed aggregate finish to properly bond with thed&ldJHPC that connects the
adjacent panels to each other and to the supporting girders. Dimensions of the longitudinal joint is typically
7 in. at the top and bottom of the deck slab and 10 in. at the middle of deck slab. Length and spacing of lap

splices depend on bar size and type.
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Figure 21: Panetlto-Panel Connection over Steel Gird&raybeal 2014)

Another precast concrete dettksteel girder connection was recently developed and tested using
UHPC (Graybeal 2014). In this connection, ¥ in. x 3 ¥ in. shear studs are installed on the girder top flange
similar to casin-place (CIP) decconstruction (i.e. similar spacing requirements). A 10.5 in. wide and 4.5
in. deep trough with exposed aggregate finish is formed in precast concrete deck slab with 2 in. grouting
holes every 24 in. over each girder line as shown in Figure 2.2a. Siesaast kept below the bottom mat
of deck reinforcement without embedment in the deck panels to simplify panel and girder production and
eliminate any conflicts during panel installation. An interstate highway bridge near Syracuse, NY was
constructed usinghis connection concept with single field casting of UHPC through grouting holes for
each girder line to hide the connection and eliminate the need for deck overlay. The same concept can be
used with concrete girders by replacing the shear studs witlestiowal shear reinforcement (i.e. U bars)
that are extended above the top flange and below the bottom mat of deck reinforcement (Graybeal 2014) as

shown in Figure 2.2b. This connection has been tested but not implemented yet.

Aggregate Exposed — ~— Shear Key

Aggregate Exposed — Shear Key
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Figure 22: Hidden UHPC Decko-Girder Connection in Steel Girder (a) and Concrete Girder (b)
(Graybeal 2014)
Recently, a study was conducted on implementing UHPC as a grout fotoeselel girder
composite connection using two neancepts (Haber et al. 2017): a) using shear lugs through deck slab

with different areas, and b) using vertical rebar dowels from the deck slab to connection without lugs as



shown in Figure 2.3. The second concept was investigated for different hawhkoles$ses 5 in. and 3.5 in.

and different distributions of shear studs. Rofftspecimens were fabricated by having a symmetric layout

with W10x60 steel beam at the middle connected to two 20 in. X 24 in. precast slabs through a grouted
UHPC connection. fe puskoff test was performed by applying the shear force on the steel stub and
evaluate the connection performance at the shear interface surface. The UHPC shear lugs have shown to be
effective in transferring shear forces and the location and numbsreaf studs have an effect of the
capacity of the connection. Adding rebar dowels to the connection increases the shear resistance, develops
better anchorage, and achieve ductile failure behavior due to rebar dowel action.

Precast Panels —— . UHPC Shear Lug /— Precast Panels — Rebar Dowels
A /
B /4
= <= = <>
Shear StudsJ p Shear Studs J N UHPC
Steel Beam{ Steel Beam
(a) (b)

Figure 23: New Haunckto-Deck Connection Using UHPtroughShear Lug (a) and Rebar Dowels (b)
(Haber et al. 2017)
2.3. Interface Shear Resistance of UHPC
The interface shear resistance is the maximum shear stress that prevents theligéabetveen
two different concrete layers. The interface shear behavior between two different concretes was first
presented by Birkeland and Birkeland (1966). Shear friction, concrete surface cohesion and dowel action
are the main mechanisms that cohthe interface shear resistance as shown in Figure 2.4. The interface
shear resistance of concréteconcrete planes controls the design of many reinforced concrete structures.
The capacity of the horizontal shear planes governs the achievement of ileraptisn between precast
concrete girders and bridge deck. In recent years, the use of UHPC in bridge construction has been growing
significantly. The exceptional properties of UHPC simplify the dmeffirder connections in Accelerated
Bridge Constructin (ABC) projects. The interface shear resistance of UHPC can be summarized in four

categories with and without reinforcement:

1. Interface shear resistance of Monolithic UHPC

2. Interface shear resistance between hardened conventional concrete and fresh UHPCC(C
UHPC)
Interface shear resistance between hardened UHPC and fresh conventional concret€ QyHPC
Interface shear resistance between hardened and fresh UHPC ((UHIRC)
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Figure 24: Interface Shear Friction Theory (Brikelan aBitkeland 1966).
2.3.1. Interface Shear Resistance of Monolithic UHPC
Crane (2010) performed vertical interface shear fmfstests of monolithic UHPC specimens to
determine whether ACI 318 (2008) and AASHTO LRFD (2007) equations of interface shear are &pplicabl
to monolithic UHPC. UHPC specimens with-aracked and preracked interfaces, and with reinforcement
ratios of 0 and 0.5% were tested. Three identical joffsbpecimens were tested for each combination of
interface type and reinforcement ratio as shomwirigure 2.5. Test results indicated that the ultimate
interface shear strength was significantly higher than that predicted for monolithic concrete in all cases.
Regression analysis was performed to estimate UHPC cohesion and friction coefficiedts (egn. - For un
cracked UHPC, ¢ = 4.5, and ¢ = 2 Kksi were propose
0.65 ksi were proposed. These high values were attributed to the contribution of the steel fibers distributed
across prexisting cracks evewhen no mild shear reinforcement is used. Also as expected, the specimens
with reinforced UHPC exhibited more ductile behavior than those with unreinforced UHPC. The average
interface shear strength of-eracked monolithic UHPC increases by 48% withitiezease ofnterface

reinforcementatio from 0 to 0.5% as shown in Figure 2.6.
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Figure 25: Vertical Interface Shear Pustff specimen of Monolithic UHPCrane 2010)
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Figure 26: Average Interface Shear Strength of Monolithic W@HRith and withoutnterface
reinforcemen{Crane 2010)
Maroliya (2012) investigated the behavior of reactive powder concrete (which is another term for
UHPC) in direct interface shear. A series of dir
failure plane were testl using monolithic UHPC with different percentages of steel fibers as shown in

Figure 2.7. Test results showed that plain UHPC samples failed in a brittle manner at-tmadiksbad,
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which happens to be the maximum load taken by the specimen. Othéndnand, samples having 2.5%
fibers indicated multiple visible cracks, while samples having 2% fibers resulted in a maximum load much
higher than the firstrack load, which clearly reflects failure after the strain hardening of the material.
These rests helped concluding that UHPC exhibits a ductile failure mode depending on the percentage of
fibers. Figure 2.8 shows the effect of different fiber content and curing methods on the direct shear strength
of monolithic UHPC. Results also indicated an agersalue of direct shear strength for normal cured
monolithic UHPC with 2% fiber volume fraction of about 2 ksi.
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Figure 27: Shear Testing on Inverted$hape UHPC Speciméllaroliya 2012)
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Figure 28: Effect of Fiber Content and Curing Methods on Direct Shear Strength of Monolithic UHPC
withoutInterface reinforcemer{fMaroliya 2012)
Jang et al. (2017) conducted vertical shear test-sehdpe specimen to evaluate the monolithic
interface shear resistance of UHPC withiigrface reinforcemerds shown in Figure 2.9. The UHPC

matrix consists of wateto-binder ratio (W/B) of 0.14, type I/ll Portland cement, Australian silica sand, and
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silica with a fiber content of 1.5% of volume. The UHPC achieved 29.08 ksi at 91 days. A vertical load
was applied on the specimen with a rate of id2min. till failure. Four LVDTs were used to capture the
horizontal and relative vertical displacement in thehape specimen. The interface shear resistance of

monolithic UHPC withoutinterface reinforcementas 2.72 ksi with interface shear are@6f50 in?.
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Figure 29: Monolithic L-Shape UHPC Specimen Test Setup and Specimen Dimegidsingst al. 2017)

Small and large scale push off testing were performed to dbeigirect shear capacity of UHPC
(Haber et al. 2017)Three small specimens composed of 6 in. long with 2 in. square cross section beams
were tested for a given age by applying vertiocaldl on the beam that was fixed by square supports from
both ends. The UHPC were poured from one end for controlling the fiber orientation to be perpendicular to
the applied loads. 14 in. by 24 in. two precast concrete slab with lug pockets weabripaed and the
lugs were filled with UHPC with a stub. A vertical load was applied on the UHPC stub to investigate the
shear capacity of the proposed UHPC shear lugs. The direct shear testing for the small and large specimens
are shown in Figure 2.10. The $prens exhibit a double shear failure and the test results are summarized
in Figure 2.11. A range of 4 ksi to 8 ksi UHPC direct shear capacity could be achieved according to the

tested specimens.
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Figure 210: Small and Large Scale Pusdlif Test of Monolithic UHPC withouinterface reinforcement
(Haber et al. 2017)
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Figure 211: Small and Large Scale Puslif Test of Mnolithic UHPC withoutnterface reinforcement
(Haber et al. 2017)
2.3.2. Interface Shear Resistance between Hardened Conventional Concrete and Fresh UHPC
(CC-UHPC)
Slant shear test anddhapeess are the most common testing technigues to evaluate the interface
shear resistance between UHP&st on hardened conventiomancrete(CC-UHPC) with and without

interface reinforcement
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Slant shear test is conducted to evaluate the bond resistarcene interface plane between two
different types of materials. The type and dimensions of slant shear specimens and interface angle changes
according to applied codes as shown in Table 2.1. However, British and French standards use prism
specimen andSTM C882 uses cylindrical specimen, the interfplaaeangle with thehorizontalaxis is
60 e . Sever al parameters influence sl ant shear bon

texture.

Table 21: Slant SheafComposite Specimen Dimensions in Different Codes

Type of _ ) Interface Plane Angle
Code _ Dimensions _ . )
Specimen with Horizontal Axis
ASTM _ _
Cylinder 3x6 in. 60 e
C882/C882M13a
BS EN 12615:199¢  Prism 3.9x3.9x15.7 in. or 1.6x1.6x6.3 in 60 e
French standard _ )
Prism 3.9x3.9x11.8 in 60 e

NFP18-872

ASTM C882/C882M13a is mainly for determining the bond resistance of adding a layer of-epoxy
resinbase material between either two hardened or hardened and fresh Raatteerd concrete. The slant
shear test is performaxh 3 in. by 6 in. specimens with an interface plane angd@<oivith horizontalaxis
as shown in Figure 2.12. The specimen sections are prepared by placing Renth@md mortar in the
mold in two layers of approximately equal volume which was unifomotided 25 time per each layer.
The compressive strength of the concrete section should have at least 4500 psi at 28 days after being cured.
Based or60° angleinclinedinterface plane, the area of the elliptical interface plane is twice the area of the
specimen base. The specimens shall be tested at 73 + 2 °F in compression after capping in accordance with

test method C39/C39M. A minimum of three composite specimens are required for each testing type.

5.6" £ 0.08"
60°

AL
0.4" = 0.08"
°F

3"+ 0.08"
—

Figure 212 Portland-Cement Concrete Section Dimensions
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The interface shear resistance between a UHPC overlay and hardened normal concrete substrate
with different textures was investigategthree different test procedures; slant sheay flesural test, and
split prism test (Harris et al. 2011). The slant shear test was performed according to ASTM C882/C882M
to evaluate the interfacghear resistanceusing 3x6 in. composite cylindersA total of wentyseven
composite cylinders were fabdatedand tested The hardenedectioncomposed of Type Il normal
concrete mortar that had 5000 psi at 28 days with moist curing. Three different surface textures were applied
to the interface shear plane; smooth (no surface preparation), low roughened (average depth of 0.1 in.), and
high roughened (0.20 in. transverse grooves) surfaces as shown in Figure 2.13(a). Wire brush treatment
and handheld metal grinder were used to obtain the low and high roughened surfaces respectively. Also,
trapezoidal shear key (fluted), with 0.50 in. depth aB@ 2 area, was prepared as a precast scenario for
using UHPC as a protective overlay. The hardened concrete mortar sections were placed back inside the
molds and filled with UHPC. The composite specimens were cured under ambient conditions for 10 days
till the UHPC and normal concrete gained compressive strength of 15 ksi and 5 ksi, respectively. The
composite specimens were loaded under compression until failure happened either on the interface plane
or the concrete crashed as shown in Figure 2.1B(Ie)interface shear resistance was calculated by dividing

thepeakload by the interface surface area.

(b)
Figure 213: Slant Shear Test; (a) Mortar Different Roughened Surfaces and Trapezoidal Shear Key, (b)
Test Setup (Harsi et al. 2011)

However, the composite specimens with smooth interface exhibited failure along interface plane,

the roughened interface specimens had a normal concrete failure under compression as shown in Figure
2.14. The average interface shear resistforcamooth surface was 1.6 ksi and it increased with 28%, 56%,

and 57% with applying low roughened, high roughened surfaces, and shear key respectively as shown in
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Figure 2.15. The slant shear test results show that the interface shear resistanas indtledsgher

interface roughening.

() (b)
Figure 214: Failure Modes; (a) Failure along Interface Plane, (b) Normal Concrete Failure (Harris et
al. 2011)
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Figure 215: Interface Shear Resistance of CemEyye 11l Mortar with Different Surface Textures
(Harris et al. 2011)

Tayeh et al. (2012) investigated the mechanical and permeability properties of interface between
CC substrate which represents old concrete structures and an overlay -bighlterfomance fiber
concrete (UHPFC) as a repair material. The interface shear resistance and influence of different surface
roughening were evaluated through performing slant shear test and splitting tensile test. The mix
proportions of UHPFC and CC are shownFgure 2.16(a). The slant shear composite specimens were
fabricated using prism of 3.9x3.9x11.8 in. with interface angle with vertical of 30°. the interface plane was
prepared with five different surface textures; without preparation, sand blasted,wsinedyrdrilled holes
(0.4 in. diameter and 0.2 depth), and grooved (0.4 in. width and 0.2 in. depth) as shown in Figure 2.16(b).
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The compressive strength of CC and UHPFC at 28 days are 6.53 and 24.66 ksi, respectively. The test was
conducted according toS¥M C288 and the test setup is shown in Figure 2.16(c).

Table 1

Mix proportions for NC substrate and UHPFC.
Concrete type (kg/m?) NC substrate UHPFC
OPC (Type 1, 42.5R) 400 768
Coarse aggregate (max. 12.5 mm) 930 -
River sand (F.M.=2.4) 873 -
Mining sand (<1180 pum) - 1140
Silica fume (23.7 m?/g) - 192
Steel fiber (Ly=10 mm, d;=0.2 mm) - 157
Superplasticizer (PCE-based) 4 40
Water 200 144
Total 2407 2441
W/B 0.5 0.15
Cube strength, fu 284 45 MPa 170 MPa
Split cylinder tension strength, fi,2s4 2.75 MPa 15.3 MPa

(a)

(b)
Figure 216: (a) Mix Proportions of UHPFC and CC, (b) Surface Textures, and (c) Test Configuration
(Tayeh et al. 2012)
Four different failure modes were @vged; pure interfacial failure, interfacial failure with minor

CC cracking, interfacial failure with CC fracture, and substrata failure. The interface shear resistance was
calculated by dividing the maximum applied load by the interface contact areaafdigasted texture
specimens give the highest interface shear resistance of 2.58 ksi. The surface texture clearly influences the
interface shear resistance, as compared to surface without preparation, the interface shear resistance
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increases with 105%,086, 47%, and 41% for sand blasted, grooved, wire brushed, and drilled holes

surfaces as shown in Figure 2.17.
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Figure 217 Different Surface Texture Effect on Interface Shear Resistance-0fHRT (Tayeh et al.
2012)

Mufinoz (2012) conducted a study on using UHPC as a repair material by investigating the interface
shear resistance between UHPC and normal concrete. The interface shear resistance was evaluated by three
different test methods; slant shear test, splittingnp test, and pulbff test. The slant shear test was
conducted to obtain the interface shear resistance of different surface preparation treatment and interface
angles. The slant shear composite specimens were 3.5x3.5x14 in prism to allow casting sobstedtte
contrasting ASTM C 882 that use mortar substrate as shown in Figure 2.18. This study focused on four
different surface textures; roughening, brushed, sandblasted, grooved, and roughened (exposed aggregate),
and two different interface anglestiwvihorizontal axis, 60° and 70°. The normal concrete sections were
casted in wooden forms and cured in two stages; 24 hours in moist cure before demolding and Then in a
lime water tank for 28 days. The compressive strength of normal concrete mixes wess, &84 ksi, and
8.11 ksi for grooved and brushed, roughened, and sandblasted surface texture specimens respectively. A
steel brush and drilbit, sandblasting equipment, wet saw, and concrete retarder were used to obtain the
brushed, sandblasted, greay and roughened interface surface textures respectively. Two different
methods were used to evaluate the roughening degree, the macrotexture depth test and the Concrete Surface
Preparation index (CSP) given by ICRI guide. Figure 2.19 and Table 2.2 $teodierent surface textures

and the degree of roughening measurement.
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Table 222: the macrotexture depths of prepared surfaces ((Mufinoz 2012)

Surface ICRI Profile Macrotexture Depth (in)
Brushed 1,3 0.03
Sandblasted 4,5 0.03
Grooved Not applicable Not applicable
Rough Aggregate exposure >8,9 0.09

The composite specimens consisted of hardened CC blocks with prepared interface surface texture

after curing in a water tank and Ductal®JS1000 UHPC pourdtieblocks. Four composite specimens

were tested at 8 days for each texture. A load rate of 35 psi/second was used to apply compression load

using Baldwin CT 300 hydraulic load frame till failure as shown in Figure 2.20. The tested specimens

exhibited diferent failure modes. The slant shear specimens with 60° interface angle and 8 days of UHPC

exhibited CC failure. However, the 70° interface angle brushed surface specimens had bond failure, the

other surface textures expressed CC failure. Figure 2.21 shewfect of interface angle on the interface

shear strength for different surface texture at 8 days of UHPC. The interface Shear Resistance was

calculated by dividing the maximum applied load by the interface contact area. The interface shear
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resistanceof sandblasted specimens is the highest compared to the other surface texture specimens. The
higher compressive strength of sandblasted CC section might give a wrong conclusion as mention by the
authors. Failure modes and interface shear resistancdenteadtby the change of the interface angles. The
interface shear resistance at 8 days for all surface preparations exceeded the requirements specified by ACI

546.3R06 at 7 days and satisfied the minimum bond requirements for 28 days.

Figure 220: Slant Shear Test Configuration (Mufinoz 2012).
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Figure 221: Effect of Interface Angle on Interface Shear Resistance at 8 Days of UHPC (Mufinoz 2012).
Rangaraju et al. (2013) performed a study on develdptad UHPC using available materials in
South Carolina and evaluating its performance as shear key grout for-REXi@ge design. Slant shear

test was conducted to evaluate the interface shear resistance of the local UHPC as a part of determining the
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locd UHPC properties. The slant test was performed according to ASTM C882 with modifications, using
normal concrete representing bridge deck instead of concrete mortar. The normal concrete was casted in
3x6 in cylinders and moiatured for a 28lay period. Tk range of normal concrete compressive strength

was from 5.92 to 7.61 ksi. The interface surface was then treated bplaatidg to obtain a roughened
surface. Four different UHPC mixes were poured on the top of normal concrete section, demolded after 1
day, and moistured for 6 days. The composite specimens were tested at 7 and 28 days under compression
rate according to ASTM C39. However, most of the specimens failed in the normal concrete portion, one
specimen exhibited bond failure. The interfaceashesistance and failure modes are shown in Table 2.3.

Table 23: Different Mix ProportiondJsed in Evaluating Local UHPC Propertidd/Yard3(Rangaraju

et al. 2013)
UHPCID Cement Sand Silicafume(SF) Water SP,%  Steelmicrofiber
UHPC 1 1601 2002 - 320 RQ -
UHPC 2 1300 1949 260 312 RQ -
UHPC 3 1273 1909 255 305 RQ 270
UHPC 4 1249 1873 250 300 RQ 270

*SP quantity is expressed in terms of percentage by weight of the total cementitious material (cement
+ silica fume)

**microfiber dosage is expressed in terms of percentage by volume of theicrafiber mixture

RQ indicates required quantity to obtairiidl flow of 150%

Table 24: Slant Shear Test Results drailure Modes (Rangaraju et al. 2013)
Maximum Applied Force

7-days 28-days
UHPC ID Average, COV, Failure Average, COV, Failure
kips % Location kips % Location
UHPC1 28.3 2.0 Concrete 46.2 4.7 Concrete
UHPC 2 32.7 8.4 Concrete 56.2 5.2 Concrete+UHPC
UHPC 3 64.6 6.6 Bond+Concrete 58.5 9.6 Concrete
UHPC 4 62.7 11.2 Concrete 66.9 10.5 Concrete

The shear transfer behavior across the interface plane between UHBCT amals investigated
analytically and experimentally by conducting slant shear test and flexural test (Aaleti and Sritharan 2017).
The slant shear testing was performed to evaluate the effect of CC compressive strength, interface
roughness, curing conditiprand pouring sequence on the direct shear transfer behavior. Prismatic
specimens consist of normal concrete with five different texture along the interface plane and cast in place
UHPC were used for performing the slant shear test. The composite spdoimesions were 4.5 in. x 6
in. in crosssection and 24 in. long and interface angle of 53.1° with the horizontal axis as shown in Figure
2.22.
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Figure 222: Test Setup and Instrumentation of Large Prism Slant Shear Test (Aal&ritratan 2017)

A total of sixty specimens were fabricated with three normal concrete compressive strength, five
different textures, and four different curing conditions as shown in Table 2.5. The surface textures were
obtained by adding form liners to tlwterface shear plane. The five surface textures represented low
roughness (< 0.06 in.), medium roughness (0.12 in.), and high roughness (0.2 in. to 0.25 in.). The CC
sections of composite specimens were cast vertically, and their compressive streagthtaieed at 28
days and at the time of slant shear specimen testing. Then, Ductal JS1000 UHPC was used to cast the second
section of composite specimens. The texture depth of composite section was measured before pouring the
second half to ensure the depBased on ASTM C882, a uniaxial compression load was applied at the end
of the composite slant shear specimens using a universal testing machine as shown in Figure 2.22. Four
linear variable differential transducers (LVDTSs) were used to capture that $lip interface shear plane.

Two rotation meters were used to capture any rotation induced by possible eccentricity of loading.

Table 25: Summary of UHPEC Interface Test Matrix (Aaleti and Srithardafd17)

Specimen Type Texture (# of specimens) Casting Sequence Tsatr%entg?hc
UHPCwCC5 5 textures (3 per texture) Wet UHPC over cured CC 5 ksi
UHPCwCC7 5 textures (3 per texture) Wet UHPC over cured CC 7 ksi
UHPCwCC10 5 textures (3 per texture) Wet UHPC over cured CC 10 ksi

UHPChCC5 5 textures (3 per texture) Wet CC on heatreated UHPC 5 ksi

Two failure modes were exhibited by the slant shear specimens, bond failure or CC failure, as
shown in Figure 2.23. The authors did FRP retrofitting to CC section of spezmens that did not
experience significant sliding due to splitting cracks in CC. The interface shear resistance was calculated

by dividing the maximum load along the inclined plane by the interface contact area. Figure 2.24 shows
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average interface shreeesistance of three specimens for different surface texture depths and concrete
compressive strength. The interface shear resistance generally increased with the increase of texture
roughness and concrete strength. Average interface shear resistantgre$ tdeeper than 0.08 in. satisfied

the ACI 546.3R06 limits. Also, interface shear capacity calculated based on AASHTO (2010) equations

were conservative in predicting @dHPC interface shear resistance.

HT-NC5-TR3

¢) HT-NC5-TR3 samples failed under sliding shear failure  d) HT-NC%-TR2 samples failed in sliding failure mode

Figure 223: Samples of C-UHPC Interfaces of Specimen with Different Failure Modes (Aaleti and
Sritharan 2017)
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Figure 224: Effect of Surface Texture Depth and CC Compressive Strength on Interface Shear
Resistance of COHPC (Aaleti and Sritharan 2017)

Janget al. (2017) conducted vertical shear test eahape specimen to evaluate the interface shear
resistance of CLHPC withoutinterface reinforcemeras shown in Figure 2.5The L-shape specimen
dimensions are 5.9 x 11.8 x 25.2 in. witterface shear area of 9.9 in. Five different surface treatments
were applied to the CC sections; smooth, water jet, grooved (0.4 in.), grooved (0.8 in.), and grooved (1.2
in.) as shown in Figure 2.25. The UHPC matrix consists of wietkinder raio (W/B) of 0.14, type I/Il
Portland cement, Australian silica sand, and silica with a fiber content of 1.5% of volume. The conventional
concrete and UHPC achieved 5.2 and 29.08 ksi respectively. A vertical load was applied on the specimen
with a rate 0D.024 in./min. till failure. Four LVDTs were used to capture the horizontal and relative vertical
displacement in the-shape specimen. Figure 2.26 shows the average interface shear resistance of CC
UHPC with different surface treatment. Based on theltedhe interface shear resistance of-@igPC

without interface reinforcemeribcreases with the increase of the surface roughening.
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Figure 225: L-Shape Specimen Dimensions and Different Surface TreatmentldHEC (Jang et al.
2017)
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Figure 226: L-Shape Test Results of @EHPC Specimens (Jang et al. 2017)

2.4Existing Provisionsfor Interface Shear Resistance
However AASHTO LRFD Bridge Design Specificatiorf2017) doesnot have equatiato predict
the interface shear resistance of UHPC, thePNIB-710-UHPC (French Code for UHPGjatedusing the
interface shear resistance equatifms CC and stated also two equations for aculating the nominal
interface shear resistance of UHPC cast on hardened UHPC based on the interface surface texture as

following:
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Where:

c and €: UHPC cohesion and fraction factors de

Gn: the stress caused by the minimum exakaxial force across the interface

} interface reinforcemematio across the interface plane

U: angle of fiber indentation with the interfa

Figure 2.32; 45A< U<90A.

feker Characteristic value of thersile limit of elasticity

fan: characteristic value of the pestacking strength

fo characteristic value of compressive strength

2. partial factor for compressed UHPC (can be reduced to 1.3)

K: fiber orientation factor

The first equation predicts the nominal interface shear resistance for smooth surface and the
second one in case of fluted surface. Figu2& 8hows the limits that must be satisfied to consider the
surface is fluted. Al sustbhelargerehardieiqe thélength of thenlahgestt at i on
fibers contributing to ensuring nébrittleness. Table 2.6 shows the UHPC cohesion and friction factors

with different surface textures.

K
<30

[A]- new UHPFRC [B]- old UHPFRC  [C]-potential anchorage

Figure 227: Fluted Construction Joint witmbented Fibers (N#P-18-710UHPC 2016)
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Table 26: UHPC Cohesion and Friction Factors of UHPC for Different Surface Textures based-on NF
P-18-710-UHPC 2016
UHPC Cohesion UHPC Friction

UHPC Surface Texture

Factor (c) Factor
Formed Clean Surface 0.0250.10 0.5
Un-Formed Clean Surface 0.2 0.6
Roughened Clean Surface with Form liner 0.4 0.7
Clean Fluted Surface 0.5 14
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Chapter 3. Proposed DeckTo-Girder Connection

3.1. Introduction

This chapter presentsreew UHPC connection between preceshcretedeck panels and NU
precast/prestressed concrefieders that eliminates any changes to girder design/production and any
possible conflict between deck and girder reinforceniéme initial design was forming trough through the
width of the panel wich consume huge quantities of UHPC. This design was updated to using a corrugated
shear pockets with No. 5 loops as final design. A deign example and the experimental investigation
procedure are presented.

3.2. Initial Design

Based ortheliterature review,le current precast concrete deoigirder connections using UHPC
consist of open longitudinal joints or covered longitudinal troughs with exposed aggregate finish and
grouting holes every 24 in. over each girder line. These two systems consume larijesjoébtHPC to
fill the joints and haunches that impact significantly the system economics based on the high price of UHPC.
Also, wising opened/covered longitudinal joints prevent transverse prestressing of concrete deck panels that

limits the size of preast panels.

The initial design was forming trough along the width of the panel and casting UHPC through
groutingholes to fill the trough and haunch (Abotehier, at el. 2018). Figurd.1 and Figure3.2 show
two alternatives for forming the haunch: optid requires continuous deck support system and large
guantity of UHPC, and option Il requires discrete deck support system, compressible material, and smaller
quantity of UHPC. Figur8.3shows a preliminary design of the panel trough proposed for ghiisaion.
Figure3.4 shows two alternatives for panel reinforcement anetgmsioning strands: Option | with solid
concrete zones at the panel ends and middle to provide two layergefgiming stands at these locations;
and Option Il with three el troughs and two layer of ptensioning strands at the solid concrete zones.
The main advantage of these options over the continuous trough concept presented in the literature is the
use of preensioning strands to transversely prestress the precaset® panels, which minimizes panel

cracking during handling and transportation.
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3.3. Proposed Deckto-Girder Connection Using UHPC

The initial design required a huge amount of UHPC to fill the trough and haunch that leads to
making the proposed systemot economic. Also, the deck panel solid parts would exhibit higlssstre
concentration due to the prensioredstrands. To simplify thaitial design the haunch isliminatedand
replaced with discretemundshear pocketstigure 35 shows the proposegutecast concretéeckto-girder
connectionusing UHPC supported byprecast/prestressed concrete girders. In this connection, discrete
round shear pocketsi48 in. in diameter are formed in the deck panels eved . over each girder line.

The diametr and spacing of these pockets are determined based on the interface shear demand. Girder
interface shear reinforcement is the same as it is in case of CIP concrete bridge decks but lowered to remain
below the soffit of deck panels. Once all panels astalled at the desired elevation using support angles

or leveling bolts, a loop bar is inserted in each shear pocket to cross the interface between the two
components. The shear pockets and haunches are, then, filled with UHPC cast from the shear pocket
openings to connect the two components and achieve the composite section. The side surface of the shear
pockets should be roughened using either form liner or exposed aggregate to provide adequate bond
between UHPC and the deck panel concrete. Also, bldcksnapressible material are recommended as

shown in Fig. & to form the haunch area and reduce the quantity of field cast UHPC. The same concept
can be used to connect precast concrete deck panels to steel girders with conventional shear studs as shown

in Figure 36, which is not the focus of this study

Loop Bar Round Shear Pocket

UHPC

Intentionally
Roughened Surface

Support Compressible Materi:

Girder Sheal
Reinforcement

Figure 35: Proposed Precast Concrete De€k-Concrete Girder Connection
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Figure 36: Proposed Precast Concrete De€k-Steel Girder Connection

The proposed connection allows transverse prestressing of precast deck panels as shown in Figure
3.7. Prestressing the deck panels decreases significantly the deck reinforcement besides eliminating the
need for forming the overhangs. Also, prestressingk ¢ge@nels allow using large panels that reduce the
construction time and minimize the number of open joints that need to be ground for leveling the surface.
The round shape giroposedshear pocket eliminates any tolerance limits for adding the locgmnilckeep

it in position as shown in Figure73.

Two critical interface shear planes exist in this connection as shown in Fi§ufiéh8.first plane
is at the girder top surface between fresh UHPC and hardened conventional concidt¢RC)C which
is intentionally roughened surfa@s a common practic&he second plane is at the soffit of the deck panels
across the monolithic UHPC. The loop bar placed in each pocket crosses the second plane to enhance its
interface shear resistance. Also, the rougherdsl Sirfaceof the shear pockeireventspocket pullout
from the deck panel concrete. Since current AASHTO LRFD Bridge Design Specificafibridoesnot
provide equations for predicting the interface shear resistance of either monolithic UHP@UbiRTZ
experimental investigations are conducted to understand the new connection behavior and predict the

interface shear resistance of connection.
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Figure 37: Panel Reinforcement and Riigensioning for Propose@onnection.
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